Two Pseudomonas sp. strains, capable of growth on chlorinated benzenes as the sole source of carbon and energy, were isolated by selective enrichment from soil samples of an industrial waste deposit. Strain PS12 grew on monochlorobenzene, all three isomeric dichlorobenzenes, and 1,2,4-trichlorobenzene (1,2,4-TCB). Strain PS14 additionally used 1,2,4,5-tetrachlorobenzene (1, 2, 4, . During growth on these compounds both strains released stoichiometric amounts of chloride ions. The first steps of the catabolism of 1,2,4-TCB and 1,2,4,5-TeCB proceeded via dioxygenation of the aromatic nuclei and furnished 3,4,6-trichlorocatechol. The intermediary cis-3,4,6-trichloro-1,2-dihydroxycyclohexa-3,5-diene (TCB dihydrodiol) formed from 1,2,4-TCB was rearomatized by an NAD+-dependent dihydrodiol dehydrogenase activity, while in the case of 1,2,4,5-TeCB oxidation the catechol was obviously produced by spontaneous elimination of hydrogen chloride from the initially formed 1,3,4,6-tetrachloro-1,2-dihydroxycyclohexa-3,5-diene. Subsequent ortho cleavage was catalyzed by a type II catechol 1,2-dioxygenase producing the corresponding 2,3,5-trichloromuconate which was channeled into the tricarboxylic acid pathway via an ordinary degradation sequence, which in the present case included 2-chloro-3-oxoadipate. From the structure-related compound 2,4,5-trichloronitrobenzene the nitro group was released as nitrite, leaving the above metabolite as 3,4,6-trichlorocatechol. Enzyme activities for the oxidation of chlorobenzenes and halogenated metabolites were induced by both strains during growth on these haloaromatics and, to a considerable extent, during growth of strain PS12 on acetate.
The extensive use of haloaromatics as solvents, odorizers, fire retardants, and pesticides has led to considerable release of these compounds into the environment. Additionally, this pollution was and is still accompanied with toxic side effects to the biosphere (51, 59) . Polychlorinated benzenes, even generated biologically in minute amounts (62) , enter the environment from industrial sources and effluents of hazardous waste disposal sites, consequently becoming detectable in soil, air, water, and living organisms (59) . Although the above and many other persistent compounds resist microbial mineralization because of their recalcitrant haloaromatic structure (26, 46) , microbial enzyme systems were subjected to rapid evolution (17) , now allowing the utilization of such xenobiotic compounds as polychlorinated biphenyls (7, 29) , pentachlorophenol (16, 61, 71) , and many other compounds of environmental concern.
The first information on the aerobic biodegradation of halogenated benzenes was by Shelat and Patel (69) , who reported that bromobenzene should be utilized by a Bacillus polymyxa. Mineralization of monochlorobenzene by a Pseudomonas strain was demonstrated by Reineke and Knackmuss (63) . The three isomeric dichlorobenzenes and the more xenobiotic 1,2,4-trichlorobenzene (1,2,4-TCB) were utilized by enriched and constructed strains as well as undefined communities in natural and laboratory environments (1, 9, 10, 19, 24, 38, 47, 48, 56, 66, 70, 74) . The evolution of radiolabeled CO2 even from 1,2,3-TCB was reported by Marinucci and Bartha (48) , and Haider et al. (35) and Ballschmiter and Scholz (6) described the cometabolic turnover of numerous halobenzenes by benzene-growing bacteria forming chlorocatechols and -phenols. These chlo-rophenols obviously were artifacts from workup procedures, since the formation of benzene dihydrodiols has been described to proceed by dioxygenation (32) and the nonenzymatic dehydration of dihydrodiols is known to occur even under mild conditions (34) . Whereas 1,3,5-TCB and other highly halogenated benzene isomeres still seem to resist aerobic biodegradation (55) , the reductive dehalogenation of tri-and dichlorobenzenes to monochlorobenzene and even that of hexachlorobenzene, resulting in a mixture of tri-and dichlorobenzenes, has been well demonstrated to occur under obviously rather unspecific anaerobic conditions (8, 25, 72, 73) .
To our knowledge, detailed investigations on the biodegradation of 1,2,4-TCB and 1,2,4,5-tetrachlorobenzene (1,2,4,5-TeCB) have not been reported, with the only exception being that plasmid-encoded genes coding for 1,2,4-TCB degradation have been cloned and expressed recently (75) . In the present study, we demonstrate the enrichment, isolation, and characterization of two bacterial strains capable of using these compounds as the sole source of carbon and energy and to release nitrite from 2,4,5-trichloronitrobenzene. In addition, we describe biochemical properties and provide information on the isolation and structure elucidation of degradation products, most of which are reported here for the first time. We also suggest a converging pathway for the biodegradation of both chlorobenzenes.
(This paper is based in part on a doctoral study by Peter Sander in the Faculty of Biology and by Heinz Wilkes in the Faculty of Chemistry, The University of Hamburg.) collected from the Hamburg-Georgswerder industrial waste deposit. Serum bottles (100 ml) sealed with rubber stoppers were filled with 30 ml of a mineral salts medium containing (per liter of distilled water) 7.0 g of Na2HPO4 2H20, 2.0 g of KH2PO4, 500 mg of (NH4)2S04, 100 mg of MgCl2 6H20, 50 mg of Ca(NO3)2 4H20, 1 ml of a trace-element solution (as described in reference 60 but without EDTA), and 5 mg of yeast extract. About 1 g of soil was added to each bottle. Corresponding to a final concentration of 5 mM, liquid 1,2,4-TCB as the halogenated carbon source was fed over the gas phase by evaporation from a test tube placed in the bottles. The same amount of fine mortar-ground crystalline 1,2,4,5-TeCB was directly added to the freshly autoclaved hot medium. The bottles were incubated at 28°C on a rotary shaker at 100 rpm, and subcultures were made at weekly intervals. After growth of bacteria became visible by increasing turbidity and decreasing pH, aliquots of the cell suspensions were plated on solid media consisting of the above mineral salts medium and 12 g of Agar No. 1 (Oxoid Ltd., Basingstoke, Hampshire, United Kingdom) per liter.
Plates were incubated in desiccators at 28°C in the presence of 1,2,4-TCB vapor as the substrate. Crystals of 1,2,4,5-TeCB were dispersed in the hot, freshly autoclaved liquid agar solution by rapid stirring before plates were poured. Colonies grown on plates were isolated and reinoculated into the above mineral salts medium; yeast extract was omitted in all further procedures and experiments. Pure cultures were obtained by serial dilutions on nutrient agar and retransfer of single colonies onto mineral salts agar; the chlorobenzenes were supplied as described above. This solid medium was also used for stock cultures of strains. Mass cultures were grown in magnetically stirred 5-liter Erlenmeyer flasks filled with 3 liters of mineral salts medium containing the substrate as described above, corresponding to a 5 mM concentration. Growth parameters (protein and optical density) were determined as described previously (27) .
Identification of bacterial strains. Strains obtained from the enrichment procedures were identified on the basis of classification schemes published in Bergey's Manual of Systematic Bacteriology (57), using tests described therein, and by standard laboratory procedures. The guanine-plus-cytosine (G+C) content of bacterial DNA was determined as described by Frank-Kamenetskii (28) .
Chloride and nitrite release. Chloride concentrations were determined at 25°C with the pMX 2000 Ion Meter (WTW GmbH, Weilheim, Federal Republic of Germany) equipped with a chloride-sensitive electrode (Ingold AG, Urdorf, Switzerland). For end point determinations, cells were grown in a mineral salts medium in which chloride salts had been replaced by sulfate. Standards for calibration measurements were made up in this medium. Specific releasing rates were determined by using washed cells resuspended in 50 mM sodium phosphate buffer. Releasing rates were corrected for electrode drift by using data obtained from experiments performed in the absence of chlorinated substrates and, additionally, using benzene for blank runs. The quantitation of nitrite ions released by washed cell suspensions from nitroaromatic compounds was performed as described by Montgomery and Dymock (52) using sodium nitrite for calibration.
Oxygen uptake. The determination of oxygen uptake rates of extensively washed, resting cell suspensions was performed polarographically as described previously (27 (5) and Dakin (18) , the aldehydes served as starting material for the syntheses of 3-chlorocatechol, 4-chlorocatechol, 3,5-dichlorocatechol, and 4,5-dichlorocatechol. 3-Methylcatechol and 4-methylcatechol were synthesized by the same methods from 2-methylphenol and 3-methylphenol, respectively. Some of the compounds used in this study were prepared biologically with the aid of low-level-induced, peptone-grown cells of the two strains described in this paper: 3,4-and 3,6-dichlorocatechol were obtained from cooxidation of 1,2-and 1,4-dichlorobenzene, while 1,2,3-and 1,2,4-trichlorobenzene served as starting material for 3,4,5-and 3,4,6-trichlorocatechol. Structural proof of all samples was carried out by GC-MS and NMR spectroscopy. Chemicals used for syntheses and experiments were purchased from Aldrich-Chemie GmbH & Co. KG (Steinheim, Federal Republic of Germany). D-and L-chlorosuccinic acid and biochemicals were from Sigma Chemie GmbH (Deisenhofen, Federal Republic of Germany). Mineral salts were of the highest commercially available purity.
RESULTS
Isolation and characterization of bacterial strains. Following the described enrichment and purification methods, 1,2,4-TCB-and 1,2,4,5-TeCB-utilizing mixed cultures were obtained. From these mixed cultures the 1,2,4-TCB-utilizing strain PS12 was obtained in pure culture about 10 weeks after starting the enrichment. About 2 months later, the 1,2,4,5-TeCB-mineralizing strain PS14 could be isolated. Both strains were strictly aerobic, gram negative, and oxidase and catalase positive. Motility was imparted by a single polar flagellum, and the rod-shaped organisms, about 1.0 by 1.5 ,um, formed turbid, creamy colonies on plates. Estimation of the guanine-plus-cytosine (G+C) content resulted in 68 mol% for strain PS12 and 64 mol% for strain PS14. Nitrate could be used as a nitrogen source. Both organisms could not grow at 37°C, and only strain PS14 grew at 4°C. Apart from the utilization of (halogenated) aromatic compounds described later, strain PS12 could use acetate, fumarate, succinate, 2-oxoglutarate, malonate, glutamate, and glucose as sole sources of carbon and energy. Strain PS14 could not utilize any of these compounds but solely grew on peptone (5 g/liter) containing mineral salts medium. However, both strains could grow on D-and L-chlorosuccinate, whereas chloroacetate did not serve as a carbon source. On the basis of the above characteristics, both strains were tentatively classified as Pseudomonas species.
Growth with 1,2,4-TCB, 1,2,4,5-TeCB, and other aromatic compounds. The ability of Pseudomonas sp. strain PS12 to grow with 1,2,4-TCB and that of Pseudomonas sp. strain PS14 to grow with 1,2,4,5-TeCB is shown in Fig. 1A (Table 3) . For all chlorobenzenes used as carbon sources, and even for 1,2,3-TCB and 1,2,3,4-TeCB, high initial dechlorination rates were obtained. Dehalogenation in all these cases was quantitative with respect to endpoint determinations ( Fig. 1A and B) . 1,2,3,4-TeCB lost only one of its four chlorine substituents. 1,3,5-TCB and 1,2,3,5-TeCB were found to be inefficient substrates for the dehalogenation, confirming the above-described oxygen uptake experiments. Peptone-grown cells showed high activities only for those chlorobenzenes which could be utilized for growth; rates found for dechlorination of penta-and hexachlorobenzene might be considered artifacts, although they were reproducible.
Preparation and characterization of metabolites. During growth on chlorobenzenes as sole carbon sources, screening for excreted metabolites by HPLC analysis of the culture supernatant was always negative. Peptone-grown low-levelinduced resting cells of strain PS14, however, accumulated metabolites in the presence of 1,2,4-TCB, 1,2,4,5-TeCB, and the analogous 2,4,5-trichloronitrobenzene.
For the oxidation of 1,2,4-TCB a washed cell suspension of strain PS14 pregrown in peptone medium was used. To 55 ml of cells suspended in 54 mM phosphate buffer of pH 7.4 (adjusted to a protein concentration of 0.65 mg/ml), 1,2,4-TCB was added corresponding to a final concentration of 10 mM. Accumulation of metabolites became visible by rendering the medium a brownish-green color, and samples analyzed by HPLC showed the formation of two distinct compounds (I and II). The time-dependent formation of these metabolites was quantified by using UV spectral data of isolated samples of both metabolites (UV maxima at 282 and at 221 nm, respectively), obtained from a 20-fold scaled-up experiment after extraction and purification by preparative HPLC (Fig. 2) . Structure elucidation of these metabolites was achieved by MS and NMR spectrometry (1H NMR, 13C NMR).
Since cis-3,4,6-trichloro-1,2-dihydroxycyclohexa-3,5-diene (compound I) proved to be labile under GC conditions, the mass spectrum in Fig. 3A was recorded upon direct inlet of a purified sample. The molecular ion at m/z = 214 is accompanied by an ion of low intensity at mlz = 212, which indicates loss of two hydrogen equivalents. (compound II) was assigned on the basis of MS investigations (M = C6H302C13), and its 'H-NMR spectrum (250.13
MHz, CDCl3; TMS as internal standard) was as follows: 8 = 7.1 (s, 1H) ppm, 2 exchangeable OH protons. Besides these metabolites, traces of 2,4,5-trichlorophenol, obviously formed from the dihydrodiol during extraction of the acidified medium, could also be identified upon GC-MS by comparison with an authentic sample. The oxidation of the 1,2,4,5-TeCB analog, 2,4,5-trichloronitrobenzene, by induced resting cells of strains PS12 or PS14 revealed the transient formation of minute amounts of 3,4,6-trichlorocatechol. Neither the corresponding dihydrodiols nor any other chloroorganic compounds were detected in the spent medium. In the course of the oxidation of 2,4,5-trichloronitrobenzene, the stoichiometric formation of nitrite, but not of the above trichlorocatechol, was evident and the releasing rate, which was linear for several hours, was determined with 0.74 nmol/h/mg of protein for both strains. The trichloronitrobenzene, however, did not serve for growth. 1,2,4-TCB and 1,2,4,5-TeCB conversion, here used as controls, did not result in the accumulation of detectable amounts of nitrite.
An upscaled catechol 1,2-dioxygenase assay was performed with extracts of strain PS12 and 3,4,6-trichlorocatechol as the substrate. After acidic extraction, derivatization with diazomethane and subsequent purification by column chromatography, dimethyl 2,3,5-trichloromuconate was obtained. The mass spectrum (GC-MS) of the diester is given in Fig. 3B . The 'H-NMR data (400.14 MHz, CDCl3, TMS as internal standard) were data it is impossible to determine the configuration of the double bounds, which, with respect to the genesis of this metabolite, should be cis,cis. An interesting by-product formed during degradation of 3,4,6-trichlorocatechol, however, could not be isolated; but GC-MS data (M = C7H4C1204) suggest the compound to be methyl 5-carboxy-2,5-dichloropenta-2,4-dien-4-olide.
The lower pathway was investigated with respect to the elimination of residual chlorine by using cell extracts of strain PS12 as described above. However, in this case EDTA was omitted to allow further conversion of the trichloromuconate formed from trichlorocatechol. The experiment was performed in 30 ml of 10 mM Tris-acetate buffer of pH 8.0. 3,4,6-Trichlorocatechol (initial concentration, 1 mM) was oxidized by cell extract (13.5 mg of protein) prepared from induced cells. The time-dependent formation of metabolites was monitored by HPLC and is demonstrated in Fig. 4 . Quantitation of all new metabolites was not possible since sufficient amounts of isolated compounds needed for calibration were not available. Therefore, peak areas obtained from HPLC analysis are given. Figure 4 shows that the rapid turnover of 3,4,6- Fig. 5A . After the addition of NADH, the culture medium was acidified and extracted; methylation of the extract and subsequent purification by column chromatography yielded methyl 5-chloro-4-oxopentanoate. The mass spectrum of this compound is given in Fig. SB degradation of chlorobenzenes and many other xenobiotics gives strong evidence for permanent evolutionary processes with respect to the development of new and productive bacterial pathways. Recruitment of such capabilities (17, 41) by microorganisms allows the filling of new functional niches, for instance in highly contaminated ecosystems, thus promoting natural bioremediation.
The specialization of some of these enzymes for the conversion of their new substrates apparently is concomitant with the loss of ancestral capabilities. It is evident that our strains, which were directly enriched on 1,2,4-TCB and 1,2,4,5-TeCB, have lost the property to utilize or oxidize benzene, and the same phenomenon has been reported for other bacterial strains also capable to grow with chlorinated benzenes (38, 56) . The analogous specialization of initial, xenobiotic substituents releasing dioxygenases was also demonstrated for bacteria mineralizing monosulfonated (12, 13) and the more xenobiotic disulfonated naphthalenes (78) .
The bacterial degradation of unsubstituted, nonphenolic aromatic hydrocarbons is known to proceed by well-investigated, multicomponent enzyme systems requiring flavoprotein reductases and ferredoxin to achieve electron transport to a terminal dioxygenase component, responsible for the conversion of the aromatic nuclei into cis-dihydrodiols (4, 30, 32, 36, 37) . These compounds are rearomatized to catechol derivatives by NAD-dependent dehydrogenases (3, 33, 58) .
In our studies on 1,2,4,5-TeCB mineralization, the initial oxidative attack by Pseudomonas sp. PS14 cells causes the probably spontaneous elimination of the first chlorine as HCl during rearomatization of the dihydrodiol, yielding 3,4,6-trichlorocatechol. This compound also was identified as the product of enzymatic rearomatization of 3,4,6-trichloro-1,2-dihydroxycyclohexa-3,5-diene, the dihydrodiol formed from 1,2,4-TCB. The above dihydrodiol recently was isolated and identified also from 1,2,4-TCB-converting microbial cultures (61a). Two successive monooxygenase reactions, one of them responsible for the elimination of chlorine, cannot be fully excluded since chlorine replacement by hydroxyl has been reported (14, 40, 44, 45) . However, strains PS12 and PS14 do not utilize or oxidize 2,4,5-trichlorophenol (in this case expected to be the intermediate) or other chlorophenols. Interestingly, 2,4,5-trichlorophenol, known as the first catabolite in 2,4,5-trichlorophenoxyacetate degradation (31, 43, 64) , seems to be further metabolized via 2,5-dichlorohydroquinone (39), thus following the known route for the mineralization of pentachlorophenol (2) . Furthermore, the oxidative attack onto the benzene ring system has been shown to proceed by incorporation of one molecule of oxygen (32) .
A similar dioxygenase-mediated dehalogenation of 4-chlorophenylacetate to produce 3,4-dihydroxyphenylacetate has been described by Markus et al. (49) , as has been the enzyme system responsible for this reaction (50, 67) . This mechanism of dioxygenation and dehydrohalogenation does not allow the regeneration of reduction equivalents from a postulated chlorine-containing unstable intermediate; and so the dihydrodiol dehydrogenase activity found in our 1,2,4,5-TeCB-oxidizing and -dehalogenating PS14 cells has to be considered useless in the degradation of this substrate. The regeneration of NADH, however, could be demonstrated for the oxidation of 3,4,6-trichloro-1,2-dihydroxycyclohexa-3,5-diene to 3,4,6-trichlorocatechol. This intermediate was ringcleaved by, in the case of strain PS12, a constitutive catechol 1,2-dioxygenase of type II (20) with high activities for 3-chloro-, 4-chloro-, and 3,5-dichlorocatechol. One of the three remaining halides obviously was split off in the course of the subsequent addition-elimination process (so-called cycloisomerization [65] ) of the intermediate 2,3,5-trichloromuconate obtained on ortho-cleavage of the above trichlorocatechol. From the trichloromuconate, under dechlorination, the corresponding carboxymethylenebutenolide was formed, which, after hydrolysis, yielded 2,5-dichloro-4-oxohex-2-enedioate, identified as the acidcatalyzed decarboxylation product, 2,5-dichloro-4-oxopent-2-enoate. It should be noted that ,B-keto acids are easily decarboxylated under acidic conditions (65) . Analogous decarboxylation products of 2-and 5-chloro-4-oxohex-2-enedioate, which represent the biologically active intermediates in 3,4-and 3,5-dichlorocatechol degradation, have been reported (38, 68) .
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For the catabolism of 2-chloro-4-oxohex-2-enedioate, two pathways have been described, both involving two doublebond reductions under consumption of NADH, elimination of hydrogen chloride, and final production of succinate (15, 23) . The cleavage step takes place at the stage of 2-chloro-4-oxoadipate, yielding chlorosuccinate and acetate (23) , or at the stage of 3-oxoadipate, which means dehalogenation before cleavage (15) . Since we identified 5-chloro-4-oxopentanoate as the dehalogenated decarboxylation product of 2,5-dichloro-4-oxohex-2-enedioate, we suggest 2-chloro-3-oxoadipate as the consecutive metabolite formed by a dihydrogenation-dehydrohalogenation sequence. This hypothesis is corroborated by our identification of 3-oxoadipate as a metabolite of 3-and 4-chlorocatechol degradation by strains PS12 and PS14. A subsequent hydrolytical cleavage of 2-chloro-3-oxoadipate would yield succinate and chloroacetate.
The data obtained for the oxidation of chlorobenzenes (Table 1) in general are well correlated with those obtained for chloride-releasing rates shown in Table 3 , even for the oxidation and dechlorination of 1,2,3,4-TeCB, which lost one of its four chlorine substituents. The oxygenolytic attack on this molecule has to take place at the two free hydrogensubstituted carbon atoms, yielding tetrachlorocatechol, which is slowly converted to 2,3,5-trichloro-4-oxohex-2-enedioate, representing the obvious dead-end metabolite of this crucial route (64a) .
Interestingly, the oxidation of the structurally 1,2,4,5-TeCB-related 2,4,5-trichloronitrobenzene resulted in the unexpected, obviously preferred elimination of the nitro group as could be judged from the identification of temporarily accumulating nitrite and 3,4,6-trichlorocatechol. To our knowledge, this is the first observation of a dioxygenasemediated denitration of an aromatic compound. This reaction and the converging pathways of 1,2,4-TCB and 1,2,4,5-TeCB degradation are shown in Fig. 6 .
